Iron (Fe) and aluminum (Al) have been implicated in the pathogenesis of Alzheimer's disease (AD). In this study, we examined neuronal and glial cells to clarify which contributes most to metal accumulation after internalization through the transferrin-independent iron uptake (Tf-IU) systems in primary neuronal and glial predominant (NP and GP) cells from rat cerebral cortex, which affect the accumulation of transition metals in a variety of cultured cells. Al more significantly upregulated the Tf-IU activity in GP cells than in NP cells. GP cells were more resistant to Fe and Al exposure than NP cells. However, a chemiluminescence analysis specific for reactive oxygen species (ROS) showed that ROS levels in Fe-or Al-loaded NP cells were twice as high as in Fe-or Al-loaded GP cells. Northern blot analysis and gel retardation assay showed that the Al and Fe exposure taken up by the cells suppress Tf receptor mRNA expression to a greater extent in GP than NP cells, indicating that Al and Fe more markedly accumulate in glial than in neuronal cells. These results suggest that glial cells rather than neuronal cells contribute to the metal accumulation and are more resistant to oxidative stress caused by metals than neuronal cells. The present study may help to explain the pathogenesis of neurodegeneration in AD disorders caused by metal-generated oxidative stress. ß
Introduction
Iron (Fe) is a required element, but is toxic to cells in excessive amounts and accumulates in many tissues including human brain [1] . Aluminum (Al) is one of the most abundant element in the earth's crust and in the environment. Although Al has generally been regarded as virtually biologically inert, evidence has accumulated that Al is the etiologic agent in an encephalopathy and a type of osteomalacia observed in patients with chronic renal failure on long-term hemodialysis [2, 3] . Al reaches WM levels in the brains of Alzheimer's disease (AD) and dialysis patients [4, 5] , aggregates L-amyloid protein in vitro [6] and a¡ects Fe metabolism in rat cultured neuronal cells [7] . Concentrations of Fe in Parkinsonian substantia nigra and Al in AD cerebral cortex are elevated relative to normal control tissues [8^10] . Both metals also accumulate with age [2, 3] . Hence, Fe and Al may play toxic roles in the pathogenesis of Parkinson's disease (PD) and AD. Accumulations of Fe and Al might be responsible for nigral dopamine cell death in PD and the vulnerability of cerebral cortex in AD because unbound Fe causes membrane lipid peroxidation in neurons and Al can accelerate the peroxidation by Fe [11] . Therefore, Fe and Al might be risk factors for PD and AD. However, how these metals accumulate in the brains of patients with the neurodegenerative disorders is unknown.
Mammalian cells take up Fe via three kinds of iron uptake systems [12] , i.e., receptor-mediated endocytosis (RME) [13] , redox [14] and transferrin-independent iron uptake (Tf-IU) [15] systems. Although the Fe uptake by RME is suppressed at the post-transcriptional level in iron-replete cells, Tf-IU is upregulated on the introduction of its transporters [16] . It is known that the Tf-IU system involves the accumulation of transition metals [12,152 0] . A candidate Fe transporter protein has been identi¢ed as a 160-kDa trimer in brush border plasma membrane of the upper small intestine, although such a carrier remains to be identi¢ed in other tissues [21] . Recently, we found that ¢broblasts from hemochromatosis patients have twice the Tf-IU of normal cells (Oshiro et al., unpublished data) . This inherited disorder is associated with increased absorption of Fe from the intestines, eventually leading to`iron overload' and deposition of Fe compound in many tissues. Therefore, we postulated that the Tf-IU systems present in glial and/or neuronal cells a¡ect the accumulation of Fe and Al in the brains of normal individuals as well as patients with these degenerative disorders. In the present study, we compared the Tf-IU in NP cells with that in GP cells to clarify which cells contribute most to Fe and to Al accumulation in cerebral cortex. Our ¢ndings suggest that Fe and Al play a vital role in the pathogenesis of AD and that glia contributes most to the metal accumulation.
Materials and methods

Cell culture and chemicals
Rat neuronal predominant (NP) cells were prepared from 18-day embryos (E18) of Wistar rats by a method described previously [22] with modi¢ca-tions [23] . More than 90% of the cells were identi¢ed as neurons by labeling with antibodies to neuron ¢lament and by their morphology.
Rat glial predominant (GP) cells were prepared by a modi¢cation of the established method [24] . This approach yields a culture that is approximately 90% glia by light microscopy after immunochemical staining for glial acidic ¢brillary protein. The GP cultures contained three types of glial cells, microglia, oligodendrocyte and microglia. Studies using neurons were carried out 14 days after plating, whereas glia were used 7 days after plating. To assess cell viabilities, a visible cell count using trypan blue exclusion was employed. 2 and ZnCl 2 were chelated with NTA. NTA were made by addition of each metal to a 5-fold molar excess of the disodium salts of NTA. The Tf-IU activity was measured as described above.
E¡ect of Al or Fe loading to NP or GP cells on
Tf-IU activity
As Tf-IU upregulates in proportional to increase in intracellular iron [19] , we estimated the degree of Al and Fe accumulation in both cells by measuring the Tf-IU activity after Al or Fe loading. NP or GP cells were exposed to 50^200 WM Al-or Fe-NTA at 37³C for 24 h, washed three times with PBS. The attached cells to the dishes were used for Tf-IU activity and cell viability were measured after Al or Fe loading. The cells were incubated with 1 WM [ 55 Fe]NTA at 37³C for 10 min. The Al concentrations used were estimated in AD brain [27] and in dialysis patients [28] . After an incubation, the adherent cells were washed and solubilized. The radioactivities taken by attached cell was determined. Relative uptake was expressed as a ratio of the amount of 55 Fe taken up by metal-loaded NP or GP cells to uptake by the control cell without treatment. The viable cell number of metal-loaded NP or GP cells were determined 24 h later by trypan blue exclusion and direct cell counts. The cell density of NP and GP cells used for all experiments was 3U10 6 cells/well. NTA with ¢nal concentrations of 100^400 WM used in this experiment was not e¡ective on cell viability.
Northern blot analysis
After the cultured cells were exposed to 50 WM Al-NTA or Fe-NTA at 37³C for 24 h, cytoplasmic RNAs were isolated from cultured cells according to previous report [29] . The ¢lters were then exposed to imaging plate (Fuji Photo Film Co.) at room temperature for 4 h, followed by quanti¢cation with a Fuji phosphor-imager BAS 2000. Tf-Rc mRNA was detected using a HindIII fragment (3.5 kb) of human Tf Rc pcD plasmid (American Type Culture Collection) [30] .
Gel retardation assay
Gel retardation assay was carried out as described previously [31, 32] . After incubation with 50 WM Al-NTA or Fe-NTA at 37³C for 24 h, cell lysates from GP and NP cells were prepared by lysing cells in 20 mM Hepes (pH 7.5), 2 mM dithiothreitol, 5% and 40% glycerol containing 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl £uoride. The lysates were spun at 13 000Ug for 10 min. The DNA template for ironresponsive element (IRE) which is the binding site of iron regulatory protein (IRP) was inserted to clone with Bluescript II (Toyobo, Osaka, Japan). The 32 Plabeled RNA probes were generated according to the Toyobo protocol using cloned T7 RNA polymerase. The IRE/IRP complex were separated on a 5% native polyacrylamide gel. The dried gels were then exposed to imaging plate to quantify with an image analyzer.
Chemiluminescence
Reactive oxygen species (ROS) were measured by using a non-permeant chemiluminescence probe, 
Results
Tf-IU is higher in GP cells than NP cells
To characterize the Tf-IU in both NP and GP cells, temperature dependence was examined (Fig.  1A) . We compared the neuronal Tf-IU activity at 4³C (0.74 pmol/mg per min), with all the Tf-IU in both Fe-and Al-loaded cells at each temperature ¢rst. The iron uptake in both cells increased in a more or less hyperbolical fashion with increasing temperature. The Tf-IU in both cells was temperature-dependent (Fig. 1A) . These results are consistent with our previous report that the pro¢le of Tf-IU in human ¢broblasts is hyperbolic but di¡erent from that of RME in human ¢broblasts [12] . The pro¢le of NP cells was similar to that of GP cells, whereas the Tf-IU in GP cells was about twice that in NP cells at all temperatures examined. on Tf-IU in the both cells, the uptake was measured in the absence and presence of Ca 2 at the concentrations observed in cerebrospinal £uid and plasma (Fig. 1B) . Ca 2 produced a 2-fold increase in both cells at physiological concentrations (1.2 and 2.4 mM), compared with the control cells, whereas the Tf-IU in GP cells was about two or three times greater than that in NP cells at each concentration. In human ¢broblasts, extracellular Ca 2 resulted in an increase of intracellular Ca 2 at physiological and supra-physiological concentrations [16] . Thus, the Tf-IU system was more markedly upregulated by Ca 2 in GP than in NP cells. 
Al more markedly upregulated the Tf-IU in GP than NP cells
To compare the upregulation of Tf-IU in NP cells with that in GP cells, we measured the Tf-IU after metal loading and the removal of various metals. As shown in Fig. 2 , various metal-nitrilotriacetates (Al-, Cu-, Mn-, Ni-. Cd-, Zn-NTAs) upregulated the Tf-IU. Al-NTA upregulated the Tf-IU system the most in both cells. Al-loaded NP cells were upregulated by up to 4-fold the level in NP cells without treatment ( Fig. 2A) , Al-loaded GP cells up to 12-fold the level (Fig. 2B) . Thus, the upregulation in Al-loaded GP cells was threefold higher than in Al-loaded NP cells.
The Tf-IU upregulation by Al or Fe was dose-dependent in both cells
To examine which of the cells contributes most to the Fe and Al uptake in cerebral cortex, the Tf-IU in GP cells was compared with that in GP cells after Fe-or Al-loading. The upregulation of Tf-IU in both cells by Fe or Al is shown in Fig. 3A along with the viabilities of the cells (Fig. 3B) . After Fe-or Al-pretreatment, GP cells more markedly took up Fe than did NP cells. Fe-or Al-pretreatment enhanced the Tf-IU in a dose-dependent manner in both cells. At 200 WM of Fe-or Al-NTA, the Tf-IU in the living GP cells was 3-or 9-times as much as that in control NP cells (without treatment) with the same density.
GP cells are more resistant to metal toxicities than NP cells
As shown in Fig. 3B , the viabilities of GP and NP cells decreased with increasing metal concentrations. Both cells are more sensitive to Fe than Al exposure. At 200 WM Fe-and Al-NTA, the viabilities of GP cells were 50% and 95%, while those of NP cells were 30% and 70%, respectively.
Al taken up by cells suppresses the expression of
Tf receptor mRNA more in glial than neuronal cells
Fe metabolism in higher eukaryotes is regulated at the post-transcriptional level by RNA^protein interactions [34] . When the cellular Fe concentration is low, iron regulatory protein (IRP) binds with high a¤nity as apoprotein to the iron-responsive element (IRE) of Tf receptor (Tf-Rc) mRNA and stabilizes it against targeted RNase attack [35] . Thus, when the cellular Fe concentration increases, the mRNA level decreases. As no radioactive isotope is available for Al, we could not quantify Al accumulated in GP and NP cells. Therefore, we performed Northern blot analysis and gel retardation assay to estimate Al accumulation in these cells (Figs. 4 and 5 ). As shown in Fig. 4 , both Al-and Fe-loading decreased the amount of Tf-Rc mRNA in both cells. The relative amount of Tf-Rc mRNA in both Al-loaded cells was less than that in both Fe-loaded cells. In both loadings, the mRNA level of GP cells was lower than that of NP cells.
IRP/IRE binding activities decrease in cytosol fractions from Al-and Fe-loaded NP and GP cells
To con¢rm the above suggestions, we performed a gel retardation assay using IRE and cytosol fractions from metal-loaded NP and GP cells under the conditions used for Northern blot analysis. As shown in Fig. 5 ity is expressed in these cells, reactive oxygen species (ROS) were measured using a chemiluminescence analysis speci¢c for O 3 2 and singlet oxygen ( 1 O 2 ). In this experiment, we assayed ROS extracellularly released from the cells after metal-loading using 2-methyl-6-(p-methoxy-phenyl)-3,7-dihydroimidazo-[1,2-a]pyrazin-3-one hydrochloride (MCLA) reacting speci¢cally with both O 3 2 and 1 O 2 [37] . As shown in Fig. 6 and Table 1 , we detected MCLA-dependent chemiluminescence without active oxygen stimulator such as TPA in both Fe-loaded cells.
For the generation of ROS by Fe-loading, MCLAdependent intensity in GP or NP cells was 2.0-or 2.4-times as high as that in each control cell. The intensity in the NP cells with or without Fe-treatment increased 3.8-and 1.5-times that in GP cells without treatment, respectively. ROS level in Feloaded NP cells was 2.0-times that of Fe-loaded GP cells.
For the generation of ROS by Al-loading, the amount of ROS generated by GP or NP cells was 1.5-or 1.8-times that by each control cell. The intensity in the NP cells with or without Al-treatment increased 2.5-and 1.4-times that in GP cells without treatment, respectively. ROS level in Al-loaded NP cells was 2.5-times that of Al-loaded GP cells. Alloading generated less ROS than Fe-loading in both cells.
In addition, to examine whether O 3 2 is produced in these cells, superoxide dismutase (SOD) was added to the reaction mixtures containing ROS. In Feloaded GP and NP cells, there was a 40% and a 54% decrease of chemiluminescence generated in Fe-loaded cells, respectively. In Al-loaded GP and NP cells, there was a 27% and a 43% decrease compared with GP or NP cells with Al-treatment.
Discussion
Although the molecular mechanism of metal uptake via the Tf-IU system is unknown, there is a fair amount of experimental data on the characteristics were ine¡ective. Quite recently, it has been reported the presence of a non-Tf-mediated uptake for Fe and Mn in glial cells [38] . However, the Tf-IU of neuronal and glial cells have not been characterized. In this report, we examined the characteristics of the Tf-IU system in both NP and GP cells from rat cerebral cortex thought to be involved in the accumulation of Al and Fe in the brain. The Tf-IU system in cortical cells exhibited properties similar to those of HeLa cells and human skin ¢broblasts in two regards: the dependence on Ca 2 and the upregulation by transition metals. Compared with the characteristics in NP and GP cells, there are no differences between them. However, we found that GP cells are more remarkable than NP cells in terms of the degrees of upregulation of Tf-IU by Al, suppression of Tf receptor (Tf-Rc) mRNA expression and decrease of IRP^IRE complex by Al.
Histopathological hallmarks of the brain in AD include the presence of neuro¢brillary tangles (NFTs) and amyloid-rich senile plaques. Hyperphosphorylated d protein, ubiquitin, K1-antichymotrypsin, apolipoprotein E, heparin sulfate proteoglycans, Al and Fe are common components of NFTs and senile plaques [39] . Therefore, we focused on the novel properties of Al comparing with Fe, and recently, found that Al a¡ects the iron metabolism in neuronal cells [7] .
In the present study, we also showed that Al more strongly augmented the Tf-IU activity in GP cells than in NP cells. Even though neither cell types was pretreated with Fe or Al, Tf-IU was twice that in NP cells. These results suggest that glial cells, but not neuronal cells appear to contribute to the metal accumulation in cerebral cortex. Additionally, that Al and Fe suppress the expression of Tf-Rc mRNA more in GP than in NP cells and that both metals more markedly accumulate in GP cells than in NP cells. To con¢rm this, we performed two in vitro experiments; The puri¢ed IRP binds Fe and nonFe metals to increase its aconitase activity and decrease binding activity for the IRE located in the 3P untranslated region of Tf-Rc mRNA [40] . Moreover, gel retardation assay showed that Al accumulation decreased the a¤nity of IRP to IRE.
We also found that ROS was generated in both Fe-and Al-loaded NP and GP cells and showed the generation of O [41] . The selective increase in lipid peroxidation in the inferior temporal cortex of AD brains [11] also supports our data. For the generation of 1 O 2 , 1 O 2 is involved in oxidative damage to membrane lipids in vitro, so it should be detectable [42] . Although we could not clearly show the generation of 1 O 2 in this experiment, a part of the neuronal cell death we observed here might be due to the cell toxicity of ROS. Comparing the sensitivities of the cells to oxidative stress, GP cells were more resistant to Al and Fe toxicities than NP cells. Neurons are more vulnerable than glia to insults such as ischemia, hypoxia, brain trauma [43] . It was also reported that the antioxidant capacity of neurons in culture is lower than that of glial cells in culture [44] . Our ¢ndings are compatible with these reports. The relation between the amount of ROS in both cells and the viabilities of these cells may re£ect the di¡erence between the antioxidant defence systems of both cells.
In conclusion, glial cells contribute to the metal accumulation and are more resistant to oxidative stress caused by these metals than neuronal cells. We speculate that glial cells which surround neuronal cells accumulate Al or Fe to protect the neuronal cells. This model system may also be applicable for Al-induced AD, since the Al concentrations at which cell toxicity occurred can be found in AD patients.
Since we should clarify which glial cells contribute more to Al accumulation in the present study, at-
